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ABSTRACT

Fermi-level control in a polycrystalline SiGe layer is challenging, especially under a low thermal budget owing to the low activation rate of
impurities and defect-induced acceptors. Here, we demonstrate the low-temperature (120–350 �C) synthesis of nanocrystalline p- and n-type
Si1�xGex (x: 0–1) layers using the layer exchange technique with a Zn catalyst. Pure Zn formed p-type SiGe layers (hole concentration:
1020 cm�3 for x� 0.8) due to the shallow acceptor level of Zn in Ge. Conversely, As-doped Zn allowed us to synthesize n-type SiGe layers
(electron concentration: 1019 cm�3 for x� 0.3) at the lowest ever temperature of 350 �C, owing to the self-organized As doping to SiGe dur-
ing layer exchange. The resulting p-type Si0.2Ge0.8 and n-type Si0.85Ge0.15 layers exhibited the largest ever power factors (280 lW/mK2 for the
p-type and 15lW/mK2 for the n-type), for SiGe fabricated on a flexible plastic sheet. The low-temperature synthesis technology, for both p-
and n-type SiGe layers, opens up the possibility of developing human-friendly, highly reliable, flexible devices including thermoelectric
sheets.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006958

Flexible thermoelectric generators (TEGs) are a key energy har-
vesting technology for ubiquitous sensors and wearable devices for the
future internet of things (IoT) society.1 Group IV semiconductors,
including Si and Ge, are materials suitable for electronic devices close
to humans because they are non-toxic and relatively abundant. SiGe
alloy is the most reliable thermoelectric material, which has been used
for decades due to its large Seebeck coefficient S and low thermal con-
ductivity j.2,3 Thin-film thermoelectric applications of SiGe have been
studied using sputtering,4,5 chemical vapor deposition,6–8 electropho-
retic deposition,9 solid-phase crystallization,10 and metal-induced crys-
tallization.11 Both p- and n-type SiGe layers must be formed at
temperatures below the heat-resistant temperature of plastic substrates
(e.g., 400 �C for polyimide) to develop SiGe into flexible TEGs.
However, SiGe generally requires high temperatures for crystallization
and dopant activation, which are essential for improving its thermo-
electric properties.2,3 N-type SiGe layers are formed at especially high
temperatures (�1000 �C)4,8,9 because of the low activation rate of n-
type dopants12 and defect-induced acceptors due to the incorporation
of Ge.13,14 Hence, synthesizing high-thermoelectric performance SiGe
at low fabrication temperatures is quite challenging.

Metal-induced layer exchange (LE) is a promising technique for
overcoming this problem. The LE technique can crystallize amorphous
group IV materials, including Si,15–18 Ge,19–24 and C,25,26 on arbitrary
substrates at low temperatures. LE using an Al catalyst is effective also
for SiGe alloy.27–32 We have synthesized SiGe layers at� 400 �C in the
whole composition range using Al-induced LE and found that Al is
highly doped and activated in SiGe according to the solid solubility
limit.33 The resulting p-type SiGe layer formed on a plastic substrate
exhibited a power factor (PF) of 190lW/mK2,34 which was improved
to 240lW/mK2 by self-organized B doping during LE.35 Thus, Al is
suitable for p-type SiGe layers with high thermoelectric performance,
but is unsuitable for n-type layers because Al acts as an acceptor for
SiGe.

In a recent study, we discovered an ultralow-temperature (80 �C)
LE in the Ge–Zn system.36 The resulting Ge on a plastic substrate was
highly p-doped because Zn provided shallow acceptor levels for Ge37

and exhibited a PF of 160lW/mK2. The PF value is the highest in
thermoelectric films synthesized over such a low-temperature range.
However, considering j, SiGe inducing alloy phonon scattering is pre-
ferred over pure Ge. Further, since Zn does not act as a dopant for
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Si,37 n-type conduction control may be possible in Si-rich SiGe by
doping impurities. It is owing to the above reasons that this study
investigates (i) the application of Zn-induced LE to the entire compo-
sition range of SiGe and (ii) controlling n-type conduction by As dop-
ing during LE. We demonstrate the synthesis of the n-type SiGe layer
at the lowest temperature ever achieved and record the PF values for
both p and n-type SiGe layers formed on a plastic substrate.

The schematic diagram for this study is shown in Fig. 1. The Zn
and amorphous (a-) Si1�xGex (x: 0, 0.15, 0.3, 0.6, 0.8, and 1) layers
(50 nm thick each) were sequentially prepared on a SiO2 glass sub-
strate at room temperature (RT) using radio frequency (RF) magne-
tron sputtering (base pressure 3.0� 10�4Pa) with an Ar plasma. The
RF power was set to 50W. The samples were then annealed at 350 �C
(15 h) for x¼ 0–0.3, 300 �C (10 h) for x¼ 0.6 and 0.8, and 120 �C (30
h) for x¼ 1 in an N2 ambient furnace. The Zn layer was then etched
away using a HCl solution (HCl: 36%) for 20 s. Using the same proce-
dure, for x¼ 0–0.3, As-doped Zn (As concentration: �10%) was pre-
pared (instead of Zn), to form n-type SiGe layers. The crystal quality
of the resulting SiGe was characterized by Nomarski optical micros-
copy, Raman spectroscopy (wavelength: 532 nm), and electron back-
scattering diffraction (EBSD) analyses. The electrical properties were
characterized by Hall effect measurements using the Van der Pauw
method. Thermoelectric measurements were performed using an
Advance-Riko ZEM system, where the sample was fixed to a ceramic
stage using Ag paste.34

The LE was determined by in situ optical microscopy observation
and the naked eye. Although the required growth temperature
increased with decreasing x according to the basic properties of
Si1�xGex,

14,33 the LE was completed at low temperatures (�350 �C)
for all samples. After the removal of Zn, the layers remaining on the
substrates were evaluated via Nomarski optical microscopy and
Raman spectroscopy. Figure 2(a) shows that the growth morphology
is slightly different depending on x; some cover almost the entire sub-
strate, while others have noticeable holes. Figure 2(b) shows Raman
peaks corresponding to Si–Si, Si–Ge, and Ge–Ge vibration modes,
which indicate that crystalline Si1�xGex layers are formed on the sub-
strates by LE for all samples. The SiGe compositions, calculated from
the Raman spectra using the equation proposed by Mooney et al.,38

were consistent with those of the as-prepared a-Si1�xGex layers deter-
mined by Rutherford backscattering spectrometry. Thus, Zn-induced
LE was effective for low-temperature crystallization in the entire SiGe
composition range.

The grain size of the Si1�xGex layers was evaluated using EBSD
analyses. The inverse pole figure (IPF) images in Fig. 3 show the ran-
dom orientation of the SiGe layers in the whole composition. The
samples with the intermediate compositions (x¼ 0.3 and 0.6) exhibit
grains that are a few hundred nm in size, while the other samples

(x¼ 0, 0.15, 0.8, and 1) exhibit grains that smaller than the EBSD
detection limit in the most of the regions. The grains are smaller than
those of Si1�xGex formed by other LE using Al,20,32 Ag,23 and Au.21,24

This behavior indicates the high nucleation rate of Si1�xGex in Zn,
which causes low temperature crystallization. This is an advantage of
Zn-induced LE as TEGs because nanocrystalline grains scatter pho-
nons and significantly lower j.7,8,39 In fact, the cross-plane j of Ge
formed by Zn-induced LE was 2.95W mK�1, which is an order of
magnitude smaller than j for bulk-Ge.2 In the SiGe alloys, lower j is
expected owing to the effect of alloy phonon scattering.2

The Hall effect measurement revealed that Si1�xGex formed by
LE with pure Zn exhibited p-type conduction in the whole composi-
tion except Si whose resistivity was too high to measure. Figure 4(a)
shows that hole concentration p increases with increasing x. This
behavior is probably due to the fact that Zn forms shallow acceptor
levels in Ge, but not in Si, as shown in the band diagrams in Fig.
4(a).37 The electrical conductivity r also increases with increasing x
because r is proportional to p. We evaluated the measurement tem-
perature T dependence of r and found that r exhibited a more positive

FIG. 1. Schematic diagram of the sample preparation procedure. The metal layer
could be either Zn or As-doped Zn, while the substrate is either glass or plastic.

FIG. 2. Characterization of Si1�xGex (x: 0, 0.15, 0.3, 0.6, 0.8, and 1) formed by LE
using pure Zn on glass, where Zn layers were removed. (a) Nomarski optical micro-
graphs. (b) Raman spectra.

FIG. 3. IPF images of Si1�xGex (x¼ 0, 0.15, 0.3, 0.6, 0.8, and 1) on glass obtained
by EBSD analyses. The colors indicate the crystal orientation according to the color
key.
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slope with respect to T as x decreases. This behavior suggests that the
acceptor levels due to Zn in SiGe become deeper as x decreases. The
Ge-rich Si1�xGex (x� 0.8) exhibits r higher than 200 S/cm, which is
useful as a p-type thermoelectric thin film. In contrast, Si-rich
Si1�xGex (x� 0.3) has a low r due to low p. Therefore, n-type conduc-
tion control could be affected by adding n-type impurities to the Si-
rich Si1�xGex (x� 0.3). The LE of a-Si1�xGex (x� 0.3) using As-
doped Zn was achieved when the initial As concentration of Zn was
10% or less. Therefore, the initial As concentration in Zn was fixed at
�10% for all the samples, which resulted in the electron concentration
n exceeding 1019 cm�3, as shown in Fig. 4(b). Since n decreased with
increasing x, this possibly reflects the solubility limit of As in SiGe.40

Although r is one order lower than that of p-type Ge-rich SiGe, the
synthesis temperature (350 �C) is the lowest observed for n-type SiGe
layers. Figure 4(c) shows that the carrier mobility l does not have a
clear tendency for x. This is because l is affected by various factors
including the carrier effective mass, grain size, grain boundary barrier
height, and carrier concentration.41 The S value corresponding to the
appropriate conduction type was obtained for each of the p-type SiGe
(x� 0.3) and the n-type SiGe (x� 0.3). Figure 4(d) shows the strong
dependence of S on x: jSj decreases with increasing x for p-type SiGe;
jSj increases with increasing x for n-type SiGe. Generally, S is affected
by both the carrier concentration and the l value.2,3 Considering the
results in Figs. 4(a)–4(c), the current dependence of S on x mainly
reflects the carrier concentration. Figure 4(e) shows that the PF reaches
approximately 30lW/mK2 for n-type SiGe at x¼ 0.15 and 360lW/
mK2 for p-type SiGe at x¼ 0.8. The difference in the PF between the
p-type and the n-type is attributed mainly to the difference in the car-
rier concentration directly linked to r. A more active n-type dopant,
such as phosphorus, is expected to improve the PF of the n-type SiGe
layer.

Since both p-type Si0.2Ge0.8 and n-type Si0.85Ge0.15 can be synthe-
sized at a low temperature (350 �C), we fabricated them on a flexible
plastic sheet. The substrate was 125-lm-thick polyimide (Du Pont-
Toray Co., Ltd.), pre-covered with a sputtered 100nm thick SiO2 layer.
Figure 5(a) shows the flexibility of the sample even after the LE pro-
cess. Figure 5(b) shows that the dependence of r on T is opposite for
the p-type and the n-type, i.e., r decreases with increasing T for p-type
SiGe, while it increases with increasing T for n-type SiGe. For p-type
SiGe, this is a typical trend of the degenerated semiconductor exhibit-
ing metallic behavior, which is attributed to the high p value.2,3

Conversely, the trend of n-type SiGe differs from that of the single-
crystal SiGe, suggesting that r is dominantly limited by grain bound-
ary carrier scattering.41 The samples with a plastic substrate exhibit

lower r compared to the samples with a glass substrate. Considering
the fact that the plastic samples had smaller grains (almost below the
EBSD resolution) than the glass samples, the difference in r between
the substrates reflects grain boundary scattering. This behavior was
also observed in the SiGe–Al system and explained from the perspec-
tive of the strains during LE.22,34 The plastic substrate bends slightly
during annealing and strains the upper layers, which facilitates SiGe
nucleation and reduces the size of the resulting SiGe grains. Figure
5(c) shows that jSj increases with increasing T for both p- and n-type
SiGe on the glass and plastic substrates, which is typical for SiGe with
carrier concentrations on the order of 1019–1020 cm�3.2 S is almost the
same for the samples on the glass and plastic substrates. Figure 5(d)
shows that the PF increases with increasing T for all samples, reflecting
the T dependence of r and S. The PF at RT is estimated to be 280lW/
mK2 for the p-type and 15lW/mK2 for the n-type for the plastic sam-
ples. Although there is significant scope for improving the perfor-
mance, especially for n-type SiGe, these PF values are the best values
recorded for p- and n-type SiGe on a plastic substrate.

FIG. 4. Electrical and thermoelectric properties at RT as a function of x for Si1�xGex (x¼ 0, 0.15, 0.3, 0.6, 0.8, and 1) on glass formed by LE using Zn or As-doped Zn. (a)
Hole concentration p and electrical conductivity r for x¼ 0.15–1, where the impurity levels of Zn in Si and Ge are shown on the graph. (b) Electron concentration n and r for
x¼ 0–0.3. (c) Carrier mobility l, (d) Seebeck coefficient S, and (e) power factor PF for n-type Si1�xGex (x¼ 0–0.3) and p-type Si1�xGex (x¼ 0.3–1).

FIG. 5. Thermoelectric properties of p-type Si0.2Ge0.8 and n-type Si0.85Ge0.15
formed on glass (solid symbol) and a plastic substrate (open symbol) with respect
to the measurement temperature T. (a) Photograph of p-type Si0.2Ge0.8 on the plas-
tic substrate after Zn removal. (b) Electrical conductivity r. (c) Seebeck coefficient
S. (d) Power factor PF.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 116, 182105 (2020); doi: 10.1063/5.0006958 116, 182105-3

Published under license by AIP Publishing

https://scitation.org/journal/apl


In conclusion, Zn-induced LE enabled us to fabricate both p- and
n-type nanocrystalline Si1�xGex layers at low temperatures
(120–350 �C) in the whole composition range. Pure Zn formed p-type
SiGe due to the shallow acceptor level of Zn in Ge and allowed for
high p over 1020 cm�3 for x� 0.8. For x� 0.3, LE using As-doped Zn
enabled the self-organized doping of As to SiGe and achieved n-type
SiGe with n over 1019 cm�3 even at the low fabrication temperature.
The p-type Si0.2Ge0.8 and n-type Si0.85Ge0.15 layers fabricated on a plas-
tic substrate exhibited PF values of 280lW/mK2 and 15lW/mK2,
respectively. The dynamic Fermi-level control in SiGe via a low-
temperature process could be exploited by various flexible devices
including TEGs, with a high reliability.
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JPMJPR17R7) and the Thermal & Electric Energy Technology
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